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Strong Electro-Optic Effect and Spontaneous Domain
Formation in Self-Assembled Peptide Structures

Barak Gilboa,* Clément Lafargue, Amir Handelman, Linda J. W. Shimon,

Gil Rosenman, Joseph Zyss, and Tal Ellenbogen*

Short peptides made from repeating units of phenylalanine self-assemble
into a remarkable variety of micro- and nanostructures including tubes,
tapes, spheres, and fibrils. These bio-organic structures are found to pos-
sess striking mechanical, electrical, and optical properties, which are rarely
seen in organic materials, and are therefore shown useful for diverse applica-
tions including regenerative medicine, targeted drug delivery, and biocom-
patible fluorescent probes. Consequently, finding new optical properties in
these materials can significantly advance their practical use, for example, by
allowing new ways to visualize, manipulate, and utilize them in new, in vivo,
sensing applications. Here, by leveraging a unique electro-optic phase micros-
copy technique, combined with traditional structural analysis, it is measured
in di- and triphenylalanine peptide structures a surprisingly large electro-
optic response of the same order as the best performing inorganic crystals.

In addition, spontaneous domain formation is observed in triphenylalanine
tapes, and the origin of their electro-optic activity is unveiled to be related to a
porous triclinic structure, with extensive antiparallel beta-sheet arrangement.
The strong electro-optic response of these porous peptide structures with the

important biocompatible applications.l']

A privileged position among self-assem-
bling peptides is reserved for short phe-
nylalanine repeats, owing to the diversity
of self-assembled structures that they dis-
play including tubes, tapes, spheres, and
fibrils.1% This structural diversity has
found potential applications in different
fields including scaffolds for regenera-
tive medicine, light harvesting materials,
fluorescent probes, and mechanically tun-
able hydrogels, to name but a few.!!-1]
The interest in these ultrashort peptides
originated from the extensive research on
amyloid fibrils, which are self-assembled
fibrillar structures formed by misfolding
peptides or proteins, that were shown to
be involved in several degenerative dis-
eases including Alzheimer’s, Parkinsorn’s,
type 11 diabetes and more.'*2!l In par-

capability of hosting guest molecules opens the door to create new biocom-
patible, environmental friendly functional materials for electro-optic applica-
tions, including biomedical imaging, sensing, and optical manipulation.

1. Introduction

Self-assembled peptide structures have been researched
extensively in recent years due to their potential in numerous

ticular, in 2002, Gazit showed that the
dipeptide diphenylalanine (FF) is the core
recognition motif of the beta amyloid
polypeptide implicated in Alzheimer’s dis-
ease.??l FF was found to self-assemble into
nanoscaled tubes in water with remark-
able physical properties such as large mechanical stiffness,
super hydrophobicity, supercapacitance, and strong piezoelec-
tric response.l?>-?I The latter property is associated with a lack
of inversion symmetry of the material's structure, which is also
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associated with quadratic optical nonlinearity, enabling optical
frequency conversion. This was very recently confirmed by
Handelman et al. that demonstrated efficient second harmonic
generation (SHG) from FF tubes and triphenylalanine (FFF)
nanotapes.[’!

One of the most basic and widely applicative physical phe-
nomenon related to noncentrosymmetric structures is the
linear electro-optic effect.?8] Materials possessing this property
change their refractive index linearly as a response to an exter-
nally applied electric field.?] This effect is used to implement a
variety of functional optical components including fast optical
switches, amplitude modulators, Q-switching, pulse pickers,
and fast phase modulators.’% The ability to use electro-optic
active peptide structures can open the door to new types of
electro-optical biocompatible probes, biomedical sensors, and
even flexible electro-optic devices.

Here we measure for the first time the effective electro-optic
coefficients of self-assembled FF peptide tubes (FF-tubes) and
FFF peptide tapes (FFF-tapes) and find that they have remark-
ably large values, with FF-tubes values comparable to that of
the best inorganic crystals. In addition we measured the X-ray
diffraction (XRD) pattern of FFF-tapes, which shows a nano-
porous structure and extensive antiparallel B-sheet arrange-
ment. Moreover, we also observed the spontaneous formation
of domains which can potentially be controlled to form non-
linear photonic crystals in the peptide structures.?!! These
findings form the foundations to use peptides in electro-optic
applications.

2. Results and Discussion

We examined two types of polypeptide structures, FFF-tapes
and FF-tubes (Figure 1). The FFF-tapes grow into elongated
structures with rectangular cross sections. Their thicknesses
range from a few hundreds of nanometers and up to =1.5 um.
Their widths usually range between 3 and 6 um and they are
up to hundreds of micrometers in length (Figure 1c). The FF-
tubes that we grew (see the Experimental Section) self-assemble
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in water into tubes with hexagonal cross sections (Figure 1d—f).
Their typical wall thickness is of a few hundreds of nanome-
ters, diameters of 1-2 um typically, and lengths that can extend
up to millimeters (see also Figure S1, Supporting Information).

In order to determine the electro-optic response of the FFF-
tapes and FF-tubes, we imaged the structures using a custom
built Pockels linear electro-optic microscope (PLEOM).B?
PLEOM is a Mach-Zender type interferometric microscope
whose sample arm passes through a confocal optical con-
figuration, where an alternating electric field is applied to
two electrodes placed in the focal plane a few pum a part
(Figure 2, see the Experimental Section for a detailed descrip-
tion of operation).

In electro-optic active materials, an applied electric field
modifies the refractive index of the material. Assuming a small
change in the refractive index in response to the applied electric
field, the index change, An, can be accounted for as follows

Aniz%nfzjr,j.}sj (1)

where i stands for a couple of dielectric axes according to the
usual convention,?3 n; are the unperturbed respective refrac-
tive indices, r;; are the electro-optic tensor elements, and E; is
the applied electric field along the jth axis. Therefore, a beam
that passes through the focal plane will experience a phase
retardance

Ap; = Z%A”id (2)

where A is the wavelength of incident light and d is the dis-
tance that light travels in the index modulated material. In
the PLEOM, the modulated beam is then recombined with a
reference beam and projected onto two photodiodes in bal-
anced homodyne configuration, whose signal is subsequently
fed to a lock-in amplifier. The amplitude signal in the ampli-
fier is directly proportional to the retarded phase of the sample
arm,* while the measured phase in the lock-in amplifier, ©,

~’300-700 nm

Figure 1. The structure of FF and FFF supramolecular assemblies. a—c) The structure of FFF. a) Reflection bright field image. Bar size is 50 um. b) SEM
image of FFF-tapes. Bar size is 5 um. c) lllustration of FFF-tape and its typical dimensions. d—f) The structure of FF. d) Reflection bright field image.
Bar size is 25 um. e) SEM image of FF-tube. Bar size is 5 um. f) Illustration of FF-tube and its typical dimensions.
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Figure 2. The Pockels linear electro-optic microscope setup. Major com-
ponents of PLEOM: He-Ne, helium-neon laser; PBS, polarizing beam
splitter; 4/2, half wave plate; PC, Pockels cell; Obj, objective; gold bars,
electrodes; FG, function generator; p, polarizer; PCU, phase correcting
unit; L, lens; PD, photodiode; XYZ, defines the axes in the laboratory frame.

is related to the polarization direction in the material.®® This
setup allows for a direct measurement of the electro-optic effect
in the studied material with very high precision, down to a sen-
sitivity of 107 radians in phase variation.

2.1. Electro-Optic Imaging of FFF-Tapes

Figure 3a shows a typical long FFF-tape of several hundreds
of micrometers that was grown. In order to image the tapes,
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Figure 3. Electro-optic characterization of FFF-tape and FF-tube. a) Dark
field image of a long tape. Bar size is 30 um. b) Bright field image of the
tape analyzed in (d) and (e). E,. denotes the direction of electric field. x-y
define the laboratory framework. 1’=3” define the crystal dielectric axes.
Bar size is 5 um. c) An AFM image of a typical tape on top of the elec-
trodes. d) Retardance and © images obtained concurrently by PLEOM of
the tape in (b). e) Polar plot of the tape imaged in (d). Angles are defined
according to the laboratory framework. Values are in mrad. Red line is
a fit to the data. f) Retardance and © images obtained concurrently by
PLEOM for a FF-tube. g) Polar plot for the tube in (f). Values are in mrad.
Red line is a fit to the data.
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a tapes containing drop was taken from the aged solution
and gently placed on top of a gold electrodes array fabricated
on a microscope cover slip (see the Experimental Section and
Figure S2, Supporting Information). The process resulted
in many tapes placed on top of the electrodes with random
orientations.

Figure 3b shows a closeup of another FFF-tape with an ori-
entation of =5° between the long axis (marked as 3’) of the
FFF-tape and the applied electric field by the electrodes, Exc.
A scanning PLEOM image of the retardance (R in Figure 3
and henceforth) for this FFF-tape orientation is shown in
Figure 3d. This image was taken with light polarized in a 5°
angle to the x-direction of the laboratory frame which is par-
allel to the applied field (Figure 3b). Despite the low thickness
of the crystal, the response was surprisingly strong and indica-
tive of high values for the electro-optic coefficients. The peak
signal is located slightly below the center of the FFF-tape along
the x-axis due to slight misalignment of the slide with respect
to the laser light, which was also observed for other similarly
aligned tapes. The response was linear over the range of the
applied electric field, which indicates that it originates from the
linear electro-optic effect and that the applied field within this
range does not change the dipolar structure nor saturates the
response (Figure S3, Supporting Information). The scanning
image of the © signal of PLEOM (Figure 3d) was relatively uni-
form across the tape, only changing at the left and right sides
where the electrodes reside, and the signal becomes severely
attenuated (observed also in the retardance image). This con-
stant © value across the entire FFF-tape measurement area
suggests a single domain structure due to the sensitivity of the
phase to the orientation of the molecular dipoles in the pep-
tide crystal. In order to shed light on the dipole orientation in
the FFF-tape, we measured the polarimetric response of the
crystal by changing the incident polarization of the light on the
sample (Figure 3e). The plot shows a predominant response
in the direction of the long axis of the tube (3’), and a weaker
response perpendicular to it (1). Our result suggests for this
FFF-tape an orientation of the dipoles along the tape, similar
to the results obtained for the SHG from FFF nanotapes®! and
for FF-tubes.’2636 This result repeated itself for other FFF-
tapes with differing orientation with regards to the applied
field (Figure S4, Supporting Information), indicating it is the
typical response for these crystals. The results did not show any
change in the shape of the polarization plot as a function of
the sample thickness, and the signal increased with thickness
as expected from the Pockels effect.

Polarization plots allow us to calculate the linear electro-optic
coefficients along the tape (3') and perpendicular to it (1') as
defined above (Figure 3b). However, from Equation (1) it is
clear that a full determination of the electro-optic coefficients
also requires knowledge of the sample thickness and its refrac-
tive indices. We therefore utilized an atomic force microscope
(AFM) to measure the thickness of the tapes in our sample
(Figure 3c). The AFM images revealed a rather smooth surface
for the tapes, with a thickness range between 0.8 and 1.5 um,
and profile roughness, R,, estimated as the average absolute
deviation from the mean, of just 2.6 nm.

In order to determine the refractive indices of our crystals,
polarization dependent interferometric phase microscopy

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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of FFF-tapes was carried out in a t-interferometer equipped
custom microscope (see the Experimental Section).’”] The
resultant optical path difference of the orthogonal axes, together
with the known thickness of the tape allows us to determine
the refractive indices of the crystal. The crystal exhibited a
refractive index of 1.6 along the tape and 1.55 perpendicular to
it. This result is very similar to a value of =1.6 for the refractive
index of 1-phenylalanine.333]

In order to translate the measured lock-in amplitude to actual
phase retardance, we used a commercial Pockels cell with a
known retardance, placed in the sample arm (Figure 2), and
measured the signal received by the amplifier. From the meas-
urements we calculated a coefficient of =3.8 pm V! along the
tape ('33), and =1.4 pm V! perpendicular to it (3). This result
is similar to equivalent coefficients of commercially available
inorganic electro-optic crystals such as Barium borate (BBO).B¥

2.2. Electro-Optic Imaging of FF-Tubes

We have also used the PLEOM to measure the response of FE-
tubes (Figure 3f,g). The complex geometry of the tube mani-
fests itself both in the amplitude and ©-images we obtained.
The higher thickness of the periphery compared to the center
of the tube contributes to a higher signal observed at the edges
of the tube, while considerably lower values are seen in the
center (Figure 3f). The ©-image also shows different values
between the periphery and the center in further support of
our conclusion. In order to determine the electro-optic coeffi-
cients a polarimetric response was measured which exhibited
very high values (Figure 3g). The response was aligned mostly
along the long axis of the tube, as was seen before also for SHG
from FF.l Using a refractive index of =1.6, effective thick-
ness of =1.2 um (see Note S1, Supporting Information), and
given FF-tubes space group of P6,1*% we determined values of
=32 and =3.5 pm V! for the coefficient along the tube (r33), and
perpendicular to it (ry3), respectively (see Note S2, Supporting
Information). These results are comparable to the respective
coefficients achieved for the best inorganic materials such as
lithium niobate (LINBO;) and potassium titanyl phosphate
(KTP),BY that are transparent in the visible range. It is impor-
tant to note that since the measurement is done at 60 kHz, part
of the high response may be due to the respective piezoelectric
coefficients which were very recently measured for FF-tubes.*!]
The piezoelectric induced strain can cause a significant change
in the refractive indices, which adds to the change caused by the
Pockels effect.l®] Therefore, the obtained high values should be
regarded as the unclamped electro-optic coefficients.

2.3. FFF-Tapes Structure

While the structure of FF-tubes is well known,!*** no struc-
tural information is known for the FFF-tapes that we have
grown. Therefore, the crystal structure was determined by
single crystal XRD measurements to 1.1 A resolution in
order to elucidate the origin of the electro-optic response in
the FFF-tapes. The determined structure was found to be tri-
clinic, space group P1, with four FFF molecules and 12 waters

Adb. Sci. 2017, 4, 1700052 1700052 (4 of 7)
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Figure 4. Structural analysis of FFF-tape. a) FFF zwitterion structure.
Nitrogen is blue, Oxygen is red and the carbon backbone is green.
b) Structure of the FFF-tape unit cell. Dashed Cyan lines indicate hydrogen
bonds. Hydrogens and waters are omitted for clarity. Unit cell axes color
code: a is red, b is green, and c is blue. Inset: Alignment of the unit cell
with regards to the supramolecular tape structure. c,d) -sheets formed
from the four B-strands in the unit cell along the a—b plane. The charged
end groups are marked accordingly. e) View along the b—c plane. Dashed
orange indicates 77— interactions along the c-axis. Black rectangle high-
lights the void in the structure. f) Pore channel structure formed by
extending the structure along the a-axis. Black arrow is a guide to the eye
of the channel axis. Red dots are oxygens within water molecules.

per asymmetric unit (Figure 4 and Table S1, Supporting
Information).

Figure 4a shows the FFF tripeptide in its zwitterionic form,
as it appears in the crystal structure, consisting of three phenyl
aromatic side chains (green) available for m-interactions, and
two internal amides (nitrogens in blue and oxygens in red)
available for hydrogen bonding as well as charged end groups
capable of salt bridge formation. The molecules assemble
into four antiparallel fB-strands stabilized by hydrogen bonds
(dashed cyan lines are hydrogen bonds, Figure 4b). The align-
ment of the unit cell with regards to the supramolecular tape
structure (inset in Figure 4b) reveals the crystallographic
a-axis is aligned with the long dimension of the tape, while
the ¢ crystallographic axis is aligned with the short dimension
which served as the light propagation direction in our experi-
ments. The f-strands allows for an efficient growth of two very
stable antiparallel B-sheets in the a—b plane for each couple of
strands (Figure 4c,d). Along the c-axis, growth is governed by
m-interactions between adjacent aromatic rings (orange dashed
lines between aromatic rings in Figure 4e). Surprisingly it
seems that only a handful of 7 interactions exist along this axis,
as compared to a multitude of stronger hydrogen bonds along
the a and b axes. A view along the ag-axis reveals channels of
=11x5 A (black rectangle Figure 4e,f), which are large enough
to host small molecules such as water and methanol as well as
smaller entities such as metallic ions.””] The water inside the

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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channels form 2D-like sheets (red dots in Figure 4f), which are
hydrogen bonded to the two [B-sheets, and are probably essen-
tial in order to maintain the structure given the otherwise weak
interaction between the sheets. The inner walls of these chan-
nels consist of both hydrophilic (charged amine and carboxyl)
as well as hydrophobic groups (aromatic rings), which differen-
tiates them from the fully hydrophilic channels of FF-tubes.*
The porous structure with extensive antiparallel S-sheets we
discovered confirms previous predictions based on molecular
dynamics simulations for FFF self-assembly.[*>#4]

The origin of the electro-optic response in the crystal struc-
ture is not observed at first sight. The large dipole moments
of the zwitterions lie along the b-axis, but the molecules them-
selves are arranged in an almost perfect antiparallel arrange-
ment such that the net dipole is but a small fraction. Along
the ag-axis, there are intramolecular contributions from the
amide dipoles, but these as well are mostly cancelled due to the
antiparallel nature. However, r-phenylalanine is a left handed
chiral molecule, and therefore all its homopeptides and deriva-
tives must crystalize in a noncentrosymmetric space group.*’!
This property of chiral amino acids was used before in order to
engineer materials with strong nonlinear optical response.*6-8l
The triclinic P1 space group of the tapes (Table S1, Supporting
Information) is indeed noncentrosymmetric, and it is actually
the lowest possible symmetry group, therefore some contribu-
tion from each dipole remains, which eventually adds up to the
response we observed. It is nevertheless delicate to assign a pre-
cise structural origin to the response we measured. The situa-
tion is very different in the FF tubes. The FF tube is comprised
by many parallel nanotubes,*? that are arranged in a hexagonal
packing (Figure S5, Supporting Information), such that their
hydrophilic charged groups are all exposed to the center of the
tube where water resides, while the hydrophobic aromatic resi-
dues points toward each other (Figure S5b, Supporting Infor-
mation). A closeup look along the nanotube’s cross section
shows that the sixfold symmetry cancels any dipolar contribu-
tions to the EO response in the a—b plane (black arrows indi-
cate the strong dipole between the charged groups of the FF
zwitterion, Figure S5c, Supporting Information). The picture
changes dramatically along the tube wall. The FF molecules are
arranged in a helix around the nanotube diameter.l*”) The zwit-
terion dipoles are aligned along the sixfold axis of the tube such
that the dipolar contribution adds up in the long axis direction
(Figure S5d, Supporting Information, and see also ref. [40])
This better alignment leads to the much stronger response we
observed in the tubes compared to the plates.

2.4. Observation of Domains in FFF-Tapes

While some FFF-tapes showed a homogenous electro-optical
response indicative of single domain structure as observed for
the FFF-tapes discussed above, other have shown heteroge-
neous distribution of intrinsic ordering of molecular dipoles.
The PLEOM setup allows determination of the dipole orienta-
tion based on the polar plot as well as the © signal of the sample.
A crystal with a single domain possesses a single polar plot and
a single ©-value across it for every measured position along the
crystal, while a single polar plot and alternating © values with
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Figure 5. Multidomain tape. a) Retardance image of the tape. b) © image
of the tape. c) Polar plots of different domains. Plots 1-4 correspond to
the numbered domains in (b).

180° shift indicate domains alternating between dipole orien-
tations such as seen in electrically poled ferroelectric crystals
exhibiting inverted domains.*! A crystal with changing polar
plots and varied © values is an indication of a more complex
domain structure.’”) An example of a multidomain structure is
presented in Figure 5. The FFF-tape was imaged with polariza-
tion along the X-axis of the laboratory frame as defined before
(Figure 3b). The retardance image showed alternating stripes of
high and low signals (Figure 5a). The corresponding © image
(Figure 5b) showed alternating patterns with 180° shift, indi-
cating variation of molecular dipole orientations. In order to
uncover the individual domain structures, we measured the
polarimetric response of four different domains (Figure 5c).

The change in both the polar plot and the © value is an indi-
cation that the domains are not organized in an antiparallel
manner but display different orientations from one to the next.
However, it seems that domains 1 and 3, and domains 2 and
4 share very similar structures, with similar polar plots and
O-value. The walls between the domains defined in the phase
image (Figure 5b) showed a weaker response in the amplitude
image (faint stripes in Figure 5a) which may be assigned to an
overlap at the beam waist of domains with different polarity
orientations, leading to an overall reduction of the electro-optic
signal, all the way to full cancellation. The domains polarization
response showed a more complex behavior with respect to the
single domain structures, which repeated itself in other multi-
domain tapes (see also Figure S6, Supporting Information).
This complex response suggests that the arrangement in the
multidomain structures might be rotated with respect to the
single domain structures. However, this assumption requires
further investigation by complementary methods, e.g., piezo
force microscopy. Nevertheless, the conclusive results of the
spontaneously formed multidomains with varying electro-optic
response in a single self-assembled peptide structure, motivates
the exploration of ways to engineer the domain pattern for
future potential applications.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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3. Conclusions

We have observed for the first time strong linear electro-optic
response in bio-organic phenylalanine homopeptides micro-
structures. The electro-optic coefficients for both assemblies
have demonstrated very large values similar to that of commer-
cially available inorganic electro-optic crystals and in FF-tubes
reached =32 pm V7! for r3;in line with the best ferroelectric
crystals. XRD studies of FFF-tapes have shown a porous struc-
ture of antiparallel fB-sheets capable of hosting guest entities
such as water and ions as well as larger molecules. By meas-
uring electro-optic activity, we have revealed in FFF-tapes a
complex state of polarization and a pronounced structure for
domains. The efficient optical nonlinearity of these structures,
their porosity, biocompatibility and domain formation can lead
to the establishment of new functional optical materials by the
incorporation of guest molecules, novel chemical, and biolog-
ical optical sensors, and new types of self-assembled bioorganic
electro-optic modulators.

4. Experimental Section

Peptide Self-Assembly: FF and FFF were purchased in lyophilized
form from Bachem (Switzerland). The peptides were dissolved
in 1,1,1,3,3,3-hexafluoro-2-propanol at concentrations of 100 and
50 mg mL™, respectively. The solutions were diluted in water to a final
peptide concentration of 1.5 mg mL™" each. For FF, a drop of 10 uL of
fresh FF solution in water was left to dry on an electrode patterned glass
coverslip to form tubes. FFF solution was first aged for 3 d until crystal
aggregates were visible. A drop from the aged solution was gently placed
on an electrode coated glass to prevent breakage due to the high aspect
ratio of the tapes, while removing excess solution in order to minimize
spontaneous self-assembly on the slide. Both the FF and FFF solutions
were optimized to produce the largest and best quality structures by
controlling the concentrations, ratio of solvents, and growth temperature.

Electrode Fabrication: For electrode fabrication a 10 nm thick
chromium layer was deposited on a standard microscope coverslip
followed by 50 nm of gold. Standard lithography and etching techniques
were then used to pattern the gold electrodes on the slide.

PLEOM Setup: The PLEOM setup was used as was described before.*l
A He:Ne laser at 633 nm was split to two beams using a polarizing beam
splitter (PBS) with a ratio of 9:1 between the intensities of the reference
and signal beam, respectively. The signal arm passed a motorized half
wave plate to control its incident polarization. The beam was then fed
to a custom built confocal microscope made of two identical objectives
(Plan Fluar 40x/0.6, Nikon). The gold electrode patterned coverslip was
mounted on a piezoelectric stage (Piezosystem Jena) used to scan the
sample. The signal beam acquired a phase retardance due to the Pockels
effect induced by an AC field of 150 V at 60 kHz in the sample. The
beam then passed another half wave plate, with the same orientation
as the first, such that an unmodulated beam would return to its original
polarization, and a polarizer at the same orientation.

The two beams were recombined using a PBS, and the interfering
beam was then split and projected onto two photodiodes (Hamamatsu)
in balanced homodyne detection configuration. The signal was fed
to a Lock-in amplifier (EG&G Princeton Applied Research) tuned to
the modulation frequency. In the reference arm a mirror mounted on
a piezoelectric stage (dubbed phase correcting unit (PCU) in Figure 2)
was fed by a low frequency signal from the photodiodes, in order to alter
the optical path of the reference beam such that a 90° phase separation
would be maintained between the sample and reference arm, which
provided the best interference signal.

A commercial pottasium dideuterium phosphate (KD*P) based
Pockels cell (Leysop) was also stationed in the signal arm before the first
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half wave plate, and it was modulated alternately with the sample such
that a known retardance was achieved. The signal from the Pockels cell
was used to calibrate the retardance measured by the lock-in amplifier.

AFM Images: The images were acquired on NanoWizard 3 BioScience
AFM in tapping mode. Noise gain was set to 150 kHz, scan rate was
0.3 Hz. The tip used was HQ:NSC15/Al BS with =290 kHz resonance.

Environmental SEM: The samples were coated with palladium and
scanned using a scanning electron microscope (JSM-6300, JEOL)
operating at 10-15 kV.

Light Microscopy: Bright field and dark field images were taken on a
Zeiss Axio observer, equipped with a 10X/0.25 objective. Images were
captured using a single-lens reflex color camera (EOS 650D, Canon).

Interferometric Microscopy: Light from a supercontinuum laser
(Fianium) was filtered using an acousto-optic tunable filter (Crystal
Technology) to transmit a semicoherent beam of 650 nm wavelength
with 7 nm spectral width, which was then incident on the sample. A
60X/1.45 oil immersion objective (Olympus) was used to collect the
transmitted light. A 7 interferometer unit positioned after the objective
created a reference signal by filtering the high order Fourier components
of the image, and then interfered the resulting reference signal with
the original image in an off axis configuration. The interference signal
was recorded on a complementary metal oxide semiconductor (CMOS)
camera (Thorlabs), and refractive index images were obtained by
analysis in custom written MATLAB software (MathWorks).

Single X-Ray Diffraction: The FFF crystal was transferred to Paratone
oil (Hampton Research) and mounted on a MiTeGen loop. The crystal
was flash frozen in liquid nitrogen.

Crystal data for the FFF-tape was measured at 100 K on a Rigaku
XtaLabPro diffractometer equipped with [A (CuK,) = 0.154184 A
radiation and a Dectris Pilatus S200 detector, the data were processed
with CrysAlisPro programs (Rigaku). The Structure was solved by direct
methods with SHELXT-2013 and refined with full-matrix least squares
refinement based on F2 with SHELXL-2013.

[CCDC 1493588 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.].

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

This research was supported by the Ministry of Science, Technology and
Space, Israel and by NaBi CNRS-Weizmann associated international
laboratory. The authors wish to thank Prof. Natan T. Shaked, Simcha
Mirsky, and Sharon Karepov for their assistance in measuring and
calculating the refractive indices of FFF-tapes. The authors wish to thank
Omri Heifler of Tel Aviv Center for Nanoscience and Nanotechnology for
his help in AFM imaging.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

domain formation, guest molecules, peptide structures, Pockels effect,
self-assembly

Received: February 3, 2017

Revised: April 7, 2017
Published online: May 11, 2017

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.ccdc.cam.ac.uk/data_request/cif

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[1] D. R. Griffin, W. M. Weaver, P. O. Scumpia, D. Di Carlo, T. Segura,
Nat. Mater. 2015, 14, 737.
[2] P. W. Frederix, G. G. Scott, Y. M. Abul-Haija, D. Kalafatovic,
C. G. Pappas, N. Javid, N. T. Hunt, R. V. Ulijn, T. Tuttle, Nat. Chem.
2015, 7, 30.
3] D. J. Smith, G. A. Brat, S. H. Medina, D. Tong, Y. Huang,
J. Grahammer, G. . Furtmiiller, B. C. Oh, K. ). Nagy-Smith, P. Walczak,
G. Brandacher, ). P. Schneider, Nat. Nanotechnol. 2016, 117, 95.
[4] Z. Fan, L. Sun, Y. Huang, Y. Wang, M. Zhang, Nat. Nanotechnol.
2016, 77, 388.
[5] O. Berger, L. Adler-Abramovich, M. Levy-Sakin, A. Grunwald,
Y. Liebes-Peer, M. Bachar, L. Buzhansky, E. Mossou, V. T. Forsyth,
T. Schwartz, Y. Ebenstein, F. Frolow, L. . W. Shimon, F. Patolsky,
E. Gazit, Nat. Nanotechnol. 2015, 10, 353.
[6] O. Carny, D. E. Shalev, E. Gazit, Nano Lett. 2006, 6, 1594.
[7] E. Kasotakis, E. Mossou, L. Adler-Abramovich, E. P. Mitchell,
V. T. Forsyth, E. Gazit, A. Mitraki, Peptide Science 2009, 92, 164.
L. Adler-Abramovich, N. Kol, I. Yanai, D. Barlam, R. Z. Shneck,
E. Gazit, I. Rousso, Angew. Chem., Int. Ed. 2010, 49, 9939.
A. Handelman, S. Lavrov, A. Kudryavtsev, A. Khatchatouriants,
Y. Rosenberg, E. Mishina, G. Rosenman, Adv. Opt. Mater. 2013, 1,
875.
[10] . O. Mason, D. Y. Chirgadze, A. Levin, L. Adler-Abramovich,
E. Gazit, T. P. ). Knowles, A. K. Buell, ACS Nano 2014, 8, 1243.

[11] J. B. Matson, S. I. Stupp, Chem. Commun. 2012, 48, 26.

[12] J. H. Kim, M. Lee, J. S. Lee, C. B. Park, Angew. Chem., Int. Ed. 2012,
51, 517.

[13] Z. Fan, L. Sun, Y. Huang, Y. Wang, M. Zhang, Nat. Nanotechnol.
2016, 77, 388.

[14] ). Raeburn, G. Pont, L. Chen, Y. Cesbron, R. Lévy, D. J. Adams, Soft
Matter 2012, 8, 1168.

[15] A. Handelman, N. Kuritz, A. Natan, G. Rosenman, Langmuir 2016,
32, 2847.

[16] T. P. ). Knowles, M. Vendruscolo, C. M. Dobson, Nat. Rev. Mol. Cell
Biol. 2014, 15, 384.
[17] J. Hardy, D. ). Selkoe, Science 2002, 297, 353.
[18] S. E. Kahn, S. Andrikopoulos, C. B. Verchere, Diabetes 1999, 48, 241.
[19] A. Lorenzo, B. Razzabonl, G. C. Weir, B. A. Yankner, Nature 1994,
368, 756.

[20] M. H. Polymeropoulos, C. Lavedan, E. Leroy, S. E. Ide, A. Dehejia,
A. Dutra, B. Pike, H. Root, ). Rubenstein, R. Boyer, E. S. Stenroos,
S. Chandrasekharappa, A. Athanassiadou, T. Papapetropoulos,
W. G. Johnson, A. M. Lazzarini, R. C. Duvoisin, G. Di lorio,
L. I. Golbe, R. L. Nussbaum, Science 1997, 276, 2045.

[21] K. A. Conway, J. D. Harper, P. T. Lansbury, Biochemistry 2000, 39,
2552.

8

[9

Adv. Sci. 2017, 4, 1700052 1700052 (7 of 7)

www.advancedscience.com

[22] E. Gazit, Curr. Med. Chem. 2002, 9, 1725.

[23] P. Beker, I. Koren, N. Amdursky, E. Gazit, G. Rosenman, J. Mater.
Sci. 2010, 45, 6374.

[24] J. Zhang, X. Wu, Z. Gan, X. Zhu, Y. Jin, Nano Res. 2014, 7, 929.

[25] J. S. Lee, ). Ryu, C. B. Park, Soft Matter 2009, 5, 2717.

[26] A. Kholkin, N. Amdursky, |. Bdikin, E. Gazit, G. Rosenman,
ACS Nano 2010, 4, 610.

[27] M. Reches, E. Gazit, Science 2003, 300, 625.

[28] M. C. Teich, B. E. A. Saleh, Fundamentals of Photonics, Wiley,
New York 1991.

[29] M. Sigelle, R. Hierle, J. Appl. Phys. 1981, 52, 4199.

[30] I. P. Kaminow, An Introduction to Electrooptic Devices, Elsevier,
New York 1974.

[31] V. Berger, Phys. Rev. Lett. 1998, 81, 4136.

[32] T. Toury, S. Brasselet, |. Zyss, Opt. Lett. 2006, 31, 1468.

[33] A. Yariv, P. Yeh, Optical Waves in Crystals, Wiley, New York 1984.

[34] B. Hajj, S. Perruchas, ). Lautru, G. Dantelle, T. Gacoin, J. Zyss,
D. Chauvat, Opt. Express 2011, 19, 9000.

[35] D. T. Trinh, L. Mayer, B. Hajj, L. Joseph, J. Zyss, V. Shynkar,
Appl. Opt. 2015, 54, 3412.

[36] Z. Gan, X. Wu, X. Zhu, ). Shen, Angew. Chem., Int. Ed. 2013, 52,
2055.

[37] N.T. Shaked, Opt. Lett. 2012, 37, 2016.

[38] M. A. Hernandez-Perez, C. Garapon, C. Champeaus, |. C. Orlianges,
J. Phys.: Conf. Ser. 2007, 59, 724.

[39] M. Delfino, J. Biol. Phys. 1978, 6, 105.

[40] C. H. Gorbitz, Chem. - Eur. J. 2001, 7, 5153.

[41] S. Vasilev, P. Zelenovskiy, D. Vasileva, A. Nuraeva, V. Y. Shur,
A. L. Kholkin, J. Phys. Chem. Solids 2016, 93, 68.

[42] C. H. Gérbitz, Chem. Commun. 2006, 22, 2332.

[43] P. Tamamis, L. Adler-Abramovich, M. Reches, K. Marshall,
P. Sikorski, L. Serpell, E. Gazit, G. Archontis, Biophys. J. 2009, 96,
5020.

[44] C. Guo, Y. Luo, R. Zhou, G. Wei, Nanoscale 2014, 6, 2800.

[45] J. Zyss, D. S. Chemla, in Nonlinear Optical Properties of Organic
Molecules and Crystals, Vol. 1 (Eds: |. Zyss, D. S. Chemla), Academic
Press, Cambridge, MA 1987, Ch. 2.

[46] J. L. Oudar, ). Zyss, Phys. Rev. A 1982, 26, 2016.

[47] J. Zyss, ). F. Nicoud, M. Coquillay, J. Chem. Phys. 1984, 81,
4160.

[48] I. Ledoux, C. Lepers, A. Perigaud, ). Badan, |. Zyss, Opt. Commun.
1990, 80, 149.

[49] D. T. Trinh, V. Shynkar, A. Arie, Y. Sheng, W. Krolikowski, J. Zyss,
Laser Photonics Rev. 2015, 9, 214,

[50] B. Hajj, S. Melanson, J. Desforges, S. Gauvin, D. Chauvat, J. Zyss,
Adv. Opt. Mater. 2015, 3, 1088.

© 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



